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BEYOND THE STANDARD MODEL
GRACIELA GELMINI
Department of Physics, University of California at Los Angeles
405 Hilgard Avenue, Los Angeles, California 90024-1547
ABSTRACT
A pedagogical introduction is given to attempts to formulate a more
fundamental theory of elementary particles than that provided by the stan-
dard model. After a review of the basic elements of the standard model, its
unsatisfactory features, and ideas to modify them will be discussed. An in-
troduction to Technicolour, t-quark condensates, supersymmetric models,
GUT’s and a brief comment on composite models follow.
1. Introduction
The success of the standard model (S.M.) as the theory of elementary parti-
cles is indisputable. This model provides the answers to many of the fundamental
questions formulated in the ‘60’s:
- Weak interactions are renormalizable when unified with electromagnetism in
the Glashow-Weinberg-Salam theory1.
- Quarks have a physical reality, as elementary particles confined into hadrons.
- A Lagrangian theory of strong interactions can be formulated; this is QCD2.
- There is a unity in the description of particle interactions (except gravity),
since they can be described by gauge theories, with the profound distinction
among them depending on whether the vacuum state respects the symmetry
or not.
All experimental and theoretical tests until now verify that these ideas are
correct. At this point discrepancies would be more interesting than confirmations.
Thus, why look for physics beyond the S.M.? The main reason is that by thinking
about what may come next, we improve our chances of finding it. We may design
the experimental and theoretical tests that uncover it, and we may learn how to
interpret possible signatures of new physics. Another reason is that the S.M. has
unsatisfactory features and leaves open questions that may be solved by further use
of some of the successful ideas of the S.M., or by entirely new ideas. The main new
ideas incorporated into the S.M. are:
- A new layer of compositeness: “preons” may constitute quarks, in the same
way quarks constitute hadrons. Preons may even yield dynamical symme-
try breaking of the electroweak symmetry (Technicolour models), repeating at
higher energies the breaking of chiral symmetry at the color confinement scale.
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- More symmetry: Grand Unified symmetries may repeat at higher energy scales
the electroweak unification, this time unifying also strong interactions, or we
may find, instead, a boson-fermion symmetry, i.e. a supersymmetry.
An example of entirely new ideas not contained in the S.M., is provided by string
theories. String models are based on a radical modification of the concepts on which
the S.M. rests as a local quantum field theory, since the fundamental degrees of free-
dom are not located at points in space-time but in one dimensional extended objects,
the strings. However, effective local field theories are derived from string theories,
as their low energy limit. These theories are extremely interesting. Superstring
theories are the only candidates at present for a unified theory of all interactions
including gravity. Unfortunately, at present, an infinite variety of gauge models and
matter spectra seem to be consistent with perturbative solutions to string theories.
We are very far from formulating and solving a unique, predictive string theory.
The definition of physics “beyond” the S.M. rests on what we mean by the
S.M. itself. We will start these lectures, therefore, with an overview of the main
features of the S.M. including a review of gauge and global interactions, exact and
spontaneously broken, and the possible breaking mechanisms. We will then mention
the unsatisfactory features of the S.M. and possible ways to modify them. We will
review current attempts to incorporate either more symmetry or a new layer of
compositeness. We will talk about the possibility of a dynamical symmetry breaking
of the electroweak symmetry, both in Technicolour models (T.C.) and through top
quark condensates. We will present the minimal supersymmetric extension of the
standard model (M.S.S.M.) and mention minimally non-minimal extensions. We
will talk about grand unified theories (GUT’s) and supersymmetric GUT’s and we
will briefly mention composite models.
These lectures follow a pedagogical approach. I will not attempt an exhaustive
comparison with data.
2. The Standard Model
The S.M. is a gauge theory. Any gauge theory has three defining elements:
i) The symmetry group. It is SUColour(3)×SULeft(2)×UY (1), where Y is the weak
hypercharge.
ii) The representation of the matter fields, the fermions f . There are 15 Weyl
spinors, repeated twice at larger masses, yielding three generations or families (see
Table 1.). In Table 1., the parentheses show the representation of SUC(3), the
representation of SUL(2) (both indicated by their dimensionality), and the value
of Y , for each set of fields. Here, the index i = 1, 2, 3 is the colour index. The
sub-indices L and R indicate Weyl spinors of left and right-handed chirality (see
later). Notice that the right-handed neutrinos νeR , νµR , ντR are absent in the S.M.
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(in order to prevent the appearance of Dirac neutrino masses). They could easily
be added as singlets under the three groups, νR : (1, 1, 0).
Table 1. Matter fields in the Standard Model.
Quarks Leptons
qL : (3, 2, 1/6) ℓL : (1, 2,−1/2)(
u
d
)
Li
,
(
c
s
)
Li
,
(
t
b
)
Li
(
νe
e
)
L
,
(
νµ
µ
)
L
,
(
ντ
τ
)
L
uR : (3, 2, 2/3)
uRi , cRi , tRi
dR : (3, 1,−1/3) eR : (1, 1,−1)
dRi , sRi , bRi eR , µR , τR
The fields fL (qL and ℓL) have weak isospin TL = 1/2, thus its third component
T3L is +1/2 and −1/2 for the upper and lower components respectively. The other
fields, the fR, have TL = 0, thus T3L = 0. The charge Q of each field is given by
Q = T3L + Y . (1)
The charges of the particles in each generation sum to zero,
∑
f Q = 0. This
insures that anomalies cancel within each family and, thus, the S.M. symmetry is
preserved at the quantum level. The SUL(2) × UY (1) assignments of fL and fR
make it impossible to have mass terms
mf (f¯L)fR (2)
in the Lagrangian (since only terms that are singlet, i.e. invariant under the sym-
metry group, can appear in the Lagrangian).
iii) A mechanism for spontaneous symmetry breaking. In the S.M. there is a funda-
mental scalar particle φ : (1, 2,−1/2) with a potential V (φ+φ) that has a minimum
at
< φ >6= 0 . (3)
The non-zero vacuum expectation value (V.E.V.) < φ > breaks the electroweak
symmetry into electromagnetism
SUL(2)× UY (1)→ Uem(1) (4)
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and induces terms as in Eq. 2, that give masses to the quarks and leptons, except
neutrinos.
Let us analyze the main features of the S.M. contained in a compact way in
the three points above.
2.1. Weyl Spinors
The electroweak interactions distinguish left-handed from right-handed
fermions, where the chirality components L and R of a Dirac fermion f are de-
fined as
fL = PLf =
1− γ5
2
f , fR = PRf =
1 + γ5
2
f . (5)
As we have seen above, in the S.M. the fields fL are doublets and the fields fR are
singlets of SUL(2). This different assignment can be done because gauge interactions
conserve chirality, and it is done to account for maximal parity violation in weak
interaction.
A Dirac fermion f has four independent complex components; fL and fR are
two orthogonal pieces of f , each a two-component Weyl spinor,
f =
1 + γ5 + 1− γ5
2
= PLf + PRf = fL + fR . (6)
We will frequently use the following properties of the γ-matrices3:
γ25 = 1 , γ
+
5 = γ5 , γ5γµ = −γµγ5 . (7)
We can, thus, prove that PL and PR are projectors (i.e. P
2
L = PL, P
2
R = PR) onto
orthogonal components (i.e. PLPR = PRPL = 0). For example,
P 2L =
(1− γ5)
4
2
=
1 − 2γ5 + γ25
4
=
1 − γ5
2
= PL , (8)
PL PR =
(1 − γ5)
2
(1 + γ5)
2
=
1 − γ25
4
= 0 . (9)
On the conjugate fermions f¯ ≡ f† γ0, PL and PR act in the following way:
f¯ PL =f
† γ0PL = f† PRγ0 = f† P †R γ0 = (PRf)† γ0 = (fR) , (10)
f¯ PR =(fL) . (11)
We can see now that kinetic terms, Lk = if¯γµ ∂µ f , and gauge interaction terms,
Lg.i. = gf¯γµ fAµ, do not change chirality, due to the presence of γµ,
f¯γµ f = (fL + fR) γ
µ (fL + fR) = (fL)γµfL + (fR)γµ fR (12)
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since the mixed terms vanish: (fR)γµfL = f¯ PLγ
µ PRf = f¯γ
µ (PR PL) f = 0.
Mass terms, instead, mix chirality. Dirac masses mix two different Weyl spinors,
mD f¯f = mD(fL + fR) (fL + fR) = m
D
(
(fL)fR + (fR)fL
)
. (13)
Majorana masses mix a Weyl spinor with itself,
mM (fL)
T CfL ≡ mM (fC)RfL . (14)
Since here a field is mixed with its charge-conjugate, this term is only possible for
particles that have zero charge of any additive conserved quantum number, such
as electric charge. Let us clarify Eq. (14), and introduce concepts that will be
useful later, by examining the charge conjugation C. The matrix C is defined as
C = −C−1 = −C† = −CT = iγ2γ0. Under charge conjugation Dirac and Weyl
fermions transform in the following way (see, for example Ref. 4):
f
C−→ fC ≡ Cf¯T (15)
f¯
C−→ fC ≡ fT C (16)
fL = PLf
C−→ PLfC =
(
fC
)
L
= C(PRf)
T
= C(fR)
T
(17)
fR−
C−−→ (fC)
R
= C(fL)
T
(18)
(fL)
C−−→ (fC)L = (fR)T C (19)
(fR)
C−−→ (fC)R == (fL)T C (20)
Notice that only two of the four Weyl spinors fL, fR,
(
fC
)
L
and
(
fC
)
R
, are in-
dependent. Usually we choose fL, fR as independent (then
(
fC
)
R
= C(fL)
T
,(
fC
)
L
= C(fR)
T
). But in GUT’s it is usually better to take both independent
Weyl spinors with the same chirality. For example fL,
(
fC
)
L
(then
(
fC
)
R
=
C(fL)
T
, fR = C(fC)
T
L ).
2.2. Gauge Interactions
Starting from a Lagrangian invariant under a group G of continuous global
transformations, we obtain a Lagrangian invariant under local (or gauge) transfor-
mations by replacing the derivatives ∂µ by covariant derivatives Dµ. A Lagrangian,
function of fields χα and their derivatives ∂µχα (α labels all fields),
L = L (χα, ∂µχα) , (21)
is invariant under a global group G of transformations U , if L, written in terms of
transformed fields
χ′α = Uχα , ∂µχ
′
α = U∂µχα , (22)
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is the same function in Eq. (21) of the new fields, L = L (χ′µ, ∂µχ′µ).
We obtain a gauge invariant Lagrangian by replacing
∂µ → Dµ = ∂µ − ig
∑
a
Aaµ T
a , (23)
where Aaµ are new fields, the gauge fields, and T
a are the generators of the group
G. There are as many gauge fields as generators (both labelled by the index a).
Any transformation U can be written in terms of the generators T a as U =
exp{i∑a αaT a} where αa are free parameters. In global transformations each αa
is a constant. In local transformations, the parameters αa depend on space-time,
αa = αa(t, ~x).
The explicit form of the generators depends on the representation of the field
to which Dµ is applied. Examples are: T
a = τa/2 for fields that are doublets of
SU(2), where τa, a = 1, 2, 3, are the Pauli matrices; T a = λa/2 for fields in the
representation [3] of SU(3), where λa, a = 1, · · · , 8, are the Gell-Mann matrices.
SU(n), the group of unitary n × n matrices with determinant equal to one, has(
n2 − 1) generators T a. They obey the commutation relations[
T a, T b
]
= i Cabc T
c , (24)
(sum on c) where Cabc are numbers called structure constants. For example, in
SU(2) [
T a, T b
]
= i ǫabc T
c , (25)
where ǫabc is the completely antisymmetric tensor with three indices.
The commutation relations are characteristic of the group, and not of the par-
ticular representation. For example the generators in the representation [2] of SU(2)
are
T a =
τa
2
=
(
1
2
[
0 1
1 0
]
,
1
2
[
0 −i
i 0
]
,
1
2
[
1 0
0 −1
])
, (26)
and in the representation [3] of SU(3) they are
T a =
 1√
2
 0 1 01 0 1
0 1 0
 , 1√
2
 0 −i 0i 0 −i
0 i 0
 ,
 1 0 00 0 0
0 0 −1
 . (27)
In both cases the generators fulfill the relations in Eq. (25). In order to obey
the same commutation relations, the generators in different representations have
different normalizations, i.e.
Tr
(
T a T b
)
= rδab , (28)
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where r is a representation dependent number (this is important for GUT’s). For
example, for SU(2), r[2] = 1/2, r[3] = 2. Usually r is chosen to be r = 1/2 in the
fundamental representation [n] of SU(n).
The number of simultaneously diagonalizable generators, i.e. generators that
commute with each other, is called the rank of a group. The set of these generators
corresponds to the set of quantum numbers that can be defined for each particle.
The rank of SU(n) is (n−1). Thus, SU(2) has only one diagonal generator, T3, and
SU(3) has two, usually chosen to be T3 and T8. The rank of the standard model is,
thus, 2 + 1 + 1 = 4.
The gauge invariant Lagrangian derived from Eq. (21) is
Lgauge = L (χα, Dµχα) + Lg.b. . (29)
The last term is the Lagrangian of the gauge bosons
Lg.b. =− 1
4
∑
a
F aµν F
µνa , (30)
with
F aµν = ∂µA
a
ν − ∂ν Aaµ + g Cabc AbµAcν . (31)
For a U(1) group, Cabc = 0. Thus, only for a U(1) group there are no three-
gauge-boson and four-gauge-boson couplings. Gluons and the weak gauge bosons
do couple with themselves, while photons do not.
In addition to the usual term
∑
a F
a
µν F
µνa in Eq. (30), also the term∑
a F
a
µν F˜
µνa, with F˜µνa = (1/2)ǫµναβ F aαβ, is invariant under gauge transforma-
tions. Thus, except for UY (1) (for which F˜
µν = 0) we should add to the Lagrangian
in Eq. (29) a term
g θ
32π2
∑
a
F aµν F˜
µνa (32)
for each group of the S.M. This term can be written as a total divergence, thus
its contribution to the action S =
∫ L d4x, can be transformed into a surface
integral at |x| → ∞. This can be chosen to be zero (with gauge fields going to zero
sufficiently fast as |x| → ∞) unless non perturbative field configurations are taken
into account. The existence of non-perturbative tunnelling amplitudes between
different vacua (with different topological properties) yields a non-zero contribution
of the term in Eq. (32) to the action. The tunnelling amplitudes are of order
exp
(−4π/g2). This factor is of order 10−172 for SU(2). Thus, the term in Eq. (32)
is irrelevant for SU(2). However, it cannot be avoided for SU(3), where g3 can
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be of O(1). This term, present in the QCD Lagrangian, violates P and CP, which
implies an experimental upper bound θQCD < 10
−9 for the arbitrary parameter
θQCD. Why is θ so small is an open problem in QCD, “the strong CP-problem”,
that may provide a window towards physics beyond the S.M. For example, it may
require the existence of a global spontaneously broken quasi symmetry, the U(1) of
Peccei and Queen5 . We will not deal with this problem in these lectures.
The globally invariant Lagrangian for the fermions of the S.M.,
L =
∑
f
(f¯Lγ
µ∂µ fL + f¯R γ
µ∂µ fR) , (33)
becomes a gauge invariant Lagrangian for the fermions, after replacing ∂µ → Dµ,
Lf =
∑
f
f¯L γ
µ
(
∂µ − ig2
∑
i
(
τ i
2
)
W iµ − ig1YLBµ
)
fL
+
∑
f
fR γ
µ (∂µ − ig1YRBµ) fR
+
∑
q
q¯L γ
µ
(
−ig3
∑
a
λa
2
Gaµ
)
qL
+
∑
q
q¯R γ
µ
(
−ig3
∑
a
λa
2
Gaµ
)
qR .
(34)
Here g1, g2, g3 are the coupling constants of UY (1), SUL(2) and SUC(3) respec-
tively, i = 1, 2, 3, and a = 1, · · · , 8, label the generators of SUL(2) and SUC(3)
respectively, f indicates all fermions, while q indicates only the quarks. The last
two terms correspond to SUC(3). Notice that the SUC(3) couplings are the same
for the left- and right-handed quarks.
2.3. Global Symmetries
In the absence of mass terms mf f¯L fR in the Lagrangian, fL and fR are not
mixed. Thus, the NL left-handed fermions with equal quantum numbers can be
rotated among themselves by unitarity global UL (NL) transformations U , since
f¯L U
−1 UfL = f¯LfL. Also the NR massless fields fR with equal quantum numbers
can be rotated among themselves by unitarity global UR (NR) transformations.
Thus, in general, the global symmetry of a gauge fermion Lagrangian with zero
masses is
UL (NL)× UR (NR) = SUL (NL)× UL(1)× SUR(NR)× UR(1) . (35)
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The generators of the groups acting only on fL contain the projector PL, those
acting only on fR contain PR,
T aL = T
a (1 − γ5)
2
, T aR = T
a (1 + γ5)
2
. (36)
The vector and axial-vector diagonal groups have, respectively, the generators
T aV = T
a
L + T
a
R = T
a, T aA = T
a
R − T aL = T aγ5 . (37)
In order to obtain these diagonal generators we need NL = NR = N . In the actual
world, the approximation mu = md = 0 yields predictions which are good to a few
percent, thus the QCD Lagrangian (neglecting the electroweak interactions) has
an approximate global symmetry with N = 2, UL(2) × UR(2). If also ms = 0 is
assumed, the predictions are only good to a few 10%, since the s quark is heavier
than the u or d, and N = 3.
The four global symmetries of massless fermions are very different. UV (1) is
a conserved symmetry, the baryon number in QCD. UA(1) is instead, anomalous,
i.e. not a true symmetry once quantum corrections are taken into account. The
SUV (N) symmetry shows explicitly in degenerate multiplets of particles. This is
the strong-isospin SU(2) symmetry (that shows in doublet or triplet multiplets
of almost degenerate particles, such as (p, n), (K+K0), (π+ π− π0), etc.) or the
flavour SU(3) symmetry of the “eightfold way”6 (that shows in octets and ten-
plets of almost degenerate particles). The axial SUA(N) is, instead, spontaneously
broken. It is believed that the light quarks condense in the vacuum,
〈0|u¯L u¯R|0〉 = 〈0|d¯L dR|0〉 = · · · 6= 0 , (38)
at an energy scale close to ΛQCD, where the strong coupling constant αs becomes
of O(1) (see Fig. 1.)
Fig. 1. Behavior of the strong coupling constant αs(q
2) vs. q2, the square momen-
tum transfer, showing the regions of asymptotic freedom, chiral symmetry breaking
and confinement.
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The quark bilinears in Eq. (38) are not SUA(N) singlets, thus, their non-zero V.E.V.
break chiral symmetry spontaneously in to the vector diagonal group, SUL(N) ×
SUR(N)→ SUV (N). The spontaneous breaking of a global symmetry is signaled by
the appearance of a zero mass boson, called a Nambu- Goldstone boson 7, for each
broken generator. For the broken symmetry SUA(2) of the QCD Lagrangian, these
bosons are the three pions, π+, π0, π−. Because the light quark masses are actually
non-zero, SUA(N) is only an approximate symmetry, whose spontaneous violation
yields “quasi” Goldstone bosons, i.e. bosons with a small mass (see below). Thus,
the pion mass mπ is non-zero, but it is still much smaller than all other hadronic
masses.
2.4. Spontaneous Symmetry Breaking
A spontaneously broken global symmetry is a symmetry of the Lagrangian
that is not respected by the vacuum state. Let us see explicitly the appearance
of zero mass bosons in a simple example. Consider a complex scalar field φ =
(φR + iφI )/
√
2 and a Lagrangian that is invariant under U(1) transformations of
φ, i.e. under the multiplication of φ by a phase
φ→ φ′ = eiαφ . (39)
The most general renormalizable Lagrangian, invariant under the transformation in
Eq. (39) is
L = ∂µ φ† ∂µφ − V
(
φ† φ
)
, (40)
with
V
(
φ† φ
)
=−m2 φ2 φ + λ
(
φ† φ
)2
. (41)
While the condition of having V bounded from below for large values of φ imposes
λ > 0, the quadratic term could have a positive or negative coefficient. If m2 < 0,
there would be only one minimum of V , at φ = 0, and U(1) would be a manifest
symmetry. We are interested in the case m2 > 0. The minimum of the potential
corresponds to
φ† φ = v
2
2
=
m2
2λ
. (42)
Any point in this “orbit” of degenerate minima in the plane φ, φ† is an equally good
minimum (See Fig. 2). The system will choose one of these points and we choose
the axis of real values of φ passing through it. Thus, without loss of generality the
vacuum is at
〈φ〉 = 〈φR〉√
2
=
v√
2
. (43)
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Notice that the curvature along the imaginary axis is zero, since this is the curvature
of the orbit of degenerate minima, i.e.
mφI = 0 . (44)
φI is, thus, the Nambu- Goldstone
7 boson in this example.
Fig. 2. The potential in Eq. (41), for m2 > 0
Alternatively, we could parameterize φ in “polar coordinates” (this is called the
“unitary gauge”),
φ =
1√
2
[v + ρ(x)] eiξ(x)/v . (45)
By replacing Eq. (45) in the potential, Eq. (41), we can explicitly find that
mξ = 0 . (46)
Thus, ξ(x) is the Nambu- Goldstone boson in this case. Notice that for small values
of ξ(x) we have φ ≃ 1√
2
(v + ρ(x) + iξ(x)) and ξ(x) = φI(x).
If the global symmetry is only an approximate symmetry, i.e. if there are
small terms in the Lagrangian that do not respect the global symmetry, the orbit of
minima is no longer flat but slightly deformed. Thus the curvature of the potential
in a direction tangent to the orbit of minima is non-zero. This curvature is the mass
of the Nambu- Goldstone boson. Instead of a zero mass Nambu- Goldstone boson,
we have a “pseudo” or “quasi” Nambu- Goldstone boson with a small mass. Pions
are quasi-Goldstone bosons, as we mentioned above.
When a global spontaneously broken symmetry is gauged, something amazing
happens. The Nambu- Goldstone bosons disappear as physical particles, they are
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incorporated into (“eaten up” by) the gauge bosons that become massive. This is
the “Higgs effect”8 . Let us see it happening in our U(1) example. Let us replace
∂µ → Dµ = ∂µ − igAµ (47)
in the globally invariant Lagrangian in Eq. (40). Thus,
Dµ φ =
eiξ/v√
2
[
∂µρ − i (v + ρ) g
(
Aµ − ∂µξ
vg
)]
. (48)
Define the new gauge field
Bµ = Aµ − ∂µξ
vg
. (49)
Thus, the term (Dµφ)
†Dµφ contains a term
−i2 g2 v2BµBµ . (50)
and ξ(x) is entirely eliminated from the Lagrangian. From Eq. (50) we see that Bµ
is massive
mB = gv . (51)
In Eq. (49) we see that the massive gauge boson Bµ incorporates ∂µξ (as a longi-
tudinal component, besides the two transverse components in Aµ).
Let us return to the three pions, π+, π0, π−, as the pseudo- Nambu- Goldstone
bosons of the global axial SUL(2) approximate symmetry of the QCD Lagrangian.
This symmetry is spontaneously broken by the non-zero V.E.V. of quark bilinear
operators in Eq. (38), of the form
〈0|q¯L qR|0〉 , (52)
since (q¯L qR) is not invariant under axial transformations
q → e−iαaγ5Taq , (53)
as we will now prove. An axial transformation on the Dirac field q, corresponds to
transforming qL and qR with opposite phases,
qR → eiαaT
a
qR , qL → e−iαaT
a
qL . (54)
It is easy to see that it is so, by considering only infinitesimal transformations, since
any finite transformation can be obtained by a succession of infinitesimal ones. Let
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us, thus, consider axial transformations by infinitesimal phases (δα)a and see that
right and left-handed fields are rotated by opposite phases:
q →q + i(δα)a γ5 T a q = (qR + qL) + i(δα)a γ5
[
1 + γ5
2
+
1 − γ5
2
]
q
= (qR + i(δα)a T
a qR) + (qL − i(δα)a T a qL) .
(55)
Now, using Eq. (54) we see that q¯L qR is not invariant under axial rotations,
q¯LqR → (e−iαa TaqL)
(
eiαa T
a
qR
)
= q¯Le
2iαa T
a
qR . (56)
We also know that in the S.M., (q¯LqR) is not invariant under electroweak
transformations. Thus, the non-zero V.E.V.’s in Eq. (38) not only break the global
chiral symmetry spontaneously, but they also break the gauge symmetry SUL(2)×
UY (1) spontaneously. If there would be no other electroweak breaking mechanism
(i.e. no Higgs field), the q¯LqR condensates would give mass to the W
± and Z, at
their energy scale
mW±, Z ≃ ∧QCD ≃ 100MeV . (57)
and the three pions π+, π0, π− would be “eaten up” by the weak gauge bosons of
the same charge. This mechanism for electroweak dynamical symmetry breaking is
at the basis of Technicolour models. The breaking is called “dynamical” because the
condensates form as the result of interactions as their coupling constant becomes of
order one, in this case, colour interactions (see Fig. 1.).
2.5. Spontaneous Electroweak Breaking in the Standard Model
In the S.M., the electroweak spontaneous breaking is done by introducing a
fundamental complex colour singlet scalar φ, that is a doublet of SUL(2) and carries
weak hypercharge Yφ = −1/2. Both the field φ and its conjugate, φ˜ = iτ2φ∗, are
used
φ =
(
φ0
φ−
)
, φ˜ =
(
φ+
−φ¯0
)
. (58)
These fields are coupled in a gauge invariant way,
LHiggs = (Dµ φ)†Dµ φ − V (φ† φ) , (59)
with an ad-hoc potential as in Eq. (41) (where now φ is a doublet), that has a
non-zero V.E.V. given by Eq. (42). Since φ† φ = φ˜† φ˜, it is equivalent to write
the Lagrangian in terms of φ or φ˜. The component of φ with non-zero V.E.V. is a
singlet under a U(1) symmetry. This U(1) is, therefore, preserved as an unbroken
symmetry, and it is identified with electromagnetism, Uem(1). Thus,
〈φ〉 =
( 〈φ0〉
〈φ−〉
)
=
(
v/
√
2
0
)
(60)
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where v = (m2/λ)1/2, (see Eq. 42) given the parameters of the potential in Eq.
(41). Since φ0 has zero electric charge, < φ0 >6= 0 does not break Uem (1). The
photon remains massless, and the Higgs mechanism gives masses to the other gauge
bosons,
m2W± =
g22v
2
4
, mZ0 = (g
2
1 + g
2
2)
v2
4
=
m2W
cos2 θW
. (61)
The spontaneous symmetry breaking also gives origin to all fermion masses through
the Yukawa couplings,
LYukawa =
∑
α,β
[
(λu)αβ q¯Lα φuRβ + (λd)αβ q¯Lαφ˜dRβ+ + (λℓ)αβ ℓ¯Lαφ˜eRβ
]
, (62)
where α, β = 1, 2, 3 are generation indices and (λf )αβ are coupling constants. The
fermion mass matrices are
(mf )αβ = (λf )αβ
v√
2
. (63)
In Eqs. (61) and (63) we see that v fixes the scale of all the masses in the S.M.
From Eq. (61), given the masses of the W and Z, fields, we obtain
v ≃ 250GeV . (64)
3. Unsatisfactory Features of the Standard Model
Let us enumerate those features most used against taking the S.M. as the
ultimate elementary particle theory.
3.1. Too Many Free Parameters
There are 19 parameters, if ν′s are massless. They are:
- 3 coupling constants g1, g2, g3 or α, θW , ΛQCD;
- 2 parameters of the Higgs potential v and λ, or mZ0 and mHiggs;
- 9 fermion masses: me, mµ, mτ ; mu, mc, mt; md, ms, mb;
- 3 mixing angles and 1 phase in the Kobayashi-Maskawa9 matrix;
- the vacuum parameter of QCD, θQCD.
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There are several more if mν 6= 0. But, how many parameters are acceptable in
a fundamental theory? This is more a philosophy question than a physics question.
Still, the goal is to explain as much as possible with the least number of parameters.
3.2. The Mass Scale v is Not “Natural”:
A naturally small quantity is a quantity whose small value has a symmetry
reason, i.e., the symmetry of the system would increase if it were zero. We said that
the only mass scale in the S.M. is v. This is true in the sense that all masses are
proportional to v. However, there is another relevant scale, a scale Λ >> v. The
S.M. can not be a good theory for arbitrarily large energies, thus there must be a
cut-off energy scale, Λ. Since gravity is not included in the S.M., there is for sure
a cut-off at Λ ≃ MPlanck ≃ 1019 GeV. If there is new physics below the quantum
gravity scale (such as GUT’s, or Technicolour, etc.), Λ may be lower. Thus,
v << Λ (65)
leads to two questions:
i) Why does v have the value it has?
ii) Assuming we give v the value it has at tree level, is Eq. (65) a stable condi-
tion? In fact, one expects v2 → v2 + Λ2, due to radiative corrections. This is
because radiative corrections to the Higgs mass, m = v/
√
λ, from gauge (and
gravitational) interactions are quadratically divergent
δm2 ≃ g2
∫ Λ
0
d4k
(2π)4k2
≃ O(α2)Λ2 , (66)
where α = g2/4π.Thus δv2 ∼ Λ2λ. Call v0 the tree level value, thus
v2 = v20 − λΛ2 . (67)
In order to obtain v ≃ 250 GeV we would use a trick similar to that used
in renormalization, namely, we assign to the bare mass m20 = v
2
0/λ the value
necessary to obtain the result we want,
λ(m20 − δm2) = λ
[
O(Λ2)−O(Λ2)] ≃ (250 GeV 2) . (68)
Assuming Λ ≃ 1016 GeV, a typical GUT scale, we assume in Eq. (68) that two
quantities of order 1032 almost cancel each other to produce a result of order
104. This is a fine-tuning by 28 orders of magnitude!
Two solutions to this problem have been proposed. One of them consists of elimi-
nating the Higgs field altogether, relying on a dynamical mechanism to break spon-
taneously the electroweak symmetry. The only mechanism of this type we know is
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the chiral symmetry breaking by quark bilinear condensates < q¯q > due to colour
interaction. We have seen that this mechanism would produce a mass of O(ΛQCD)
for the W± and the Z. Thus, one could consider a repetition of this mechanism
at a larger scale ΛTC , where condensates < F¯F > of new fermions, the “Techni-
fermions”, would form due to new interactions, “Technicolour” interactions10.
The second proposal cures the problem ii) by introducing a fermion-boson
symmetry, a “supersymmetry” 11. Then, fermion loops contribute to radiative
corrections exactly the same as bosons do, but with the opposite sign (due to
Fermi-statistics). Thus
δm2Fermions ≃ −g2y
∫ Λ d2k
(2π)4k2
≃ −O(αy)Λ2 . (69)
where gy are Yukawa-type couplings, that, due to supersymmetry coincide with
gauge couplings g. The cancellation δm2bosons− δm2fermions = 0, would be exact with
an exact supersymmetry that guarantees equal masses for bosons and femions,
mb = mf . However, supersymmetry must be broken, since we have not observed
the supersymmetric partners of the standard particles. Thus
δm2 = O(α)|m2b −m2f |. (70)
If, the mass differences are
|mb −mf | ≤ O(1 TeV ) , (71)
then v is stable. Eq. (70) means that we should find supersymmetric partners
with m ≤ O(1 TeV ), if supersymmetry answers the question ii) above. Notice that
supersymmetry does not necessarily explain why v has the value it has in the first
place.
3.3. The Interactions are Not Unified
The gauge group SUC(3) × SUL(2) × UY (1) has three factors, thus three in-
dependent couplings constants. Can the idea of unification contained in the elec-
troweak unification go further? Grand Unification12, 4 proposes the existence of a
simple symmetry group G that breaks spontaneously into the S.M. group at a large
energy scale ΛGUT . Supporting evidence for GU comes from renormalizations: the
three running coupling constants tend to become less different as the energy scale
increases. Since ΛGUT >> v, GUT’s suffer from the problem of naturality of v, or
“gauge hierarchy problem”. Supersymmetry may be invoked to solve this problem,
yielding supersymmetric GUT’s 13.
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3.4. There is No Reason for the Existence of Three Families
Proposals to explain the existence of three families and their mass hierarchy
have been made following one of the two guiding principles mentioned above, i.e.,
either more symmetry or another layer of compositeness. “Horizontal” or “inter-
familiar” symmetries have the three fermions of equal quantum numbers as members
of a multiplet. The horizontal symmetry group GH is independent of the “vertical”
or “intra-familiar” group GV , so that the total gauge group is GV × GH . The
names “vertical” and “horizontal” stem from our habit to write the families in
columns. GV could be the S.M. or a vertical G.U. group. GH could be SU(2)
or SU(3) 14, for example. In these models the inter-familiar mass hierarchy is
due to the spontaneous symmetry breaking of GH . Realistic mass matrices can
only be obtained with very complicated schemes. Also “vertical-horizontal” Grand
Unifications have been proposed with large unification groups, such as SO(16) or
SO(18) in rather baroque models 15. We will not talk about this approach here.
In composite models, quarks and leptons are bound states of sub-components,
that may have different names, one of them being “preons”. In these models the
family replication at higher mass scales is explained by the existence of excited
levels of the bound states of preons.
3.5. Gravity is Not Included
General relativity can be formulated as a classical field theory, but attempts
to quantize it yield a non-renormalizable theory. The hope is to unify gravity
with other forces in such a way that the infinities arising in different sectors cancel
among themselves, yielding a combined finite or renormalizable theory. The hope is
that also in the same theory there will be an explanation for why the cosmological
constant is so small. The best candidate at present for such a unification is provided
by local-supersymmetry, that includes gravity automatically, and is thus, called
“supergravity” 16. Supergravity is one of the features of superstring models.
3.6. The S.M. Does Not Provide Dark Matter Particle Candidates
Dark matter (D.M.), the most abundant form of matter in the universe, con-
stitutes 90 to 99% of the total mass. Its density in units of the critical density,
ΩD.M., is known to be between 0.2 and 1, while the luminous regions in the universe
account only for a fraction Ωlum ≃ 0.01 of the critical density 17. The nature of
the D.M. is one of the most important open questions in physics and astrophysics.
It may consist of nucleonic matter in the form of very low mass stars, the brown
dwarfs, too small to shine, or remnants of dead stars, or primordial black holes.
There are current searches trying to detect some of these objects in the dark halo of
our galaxy 18. The upper bound on nucleonic matter coming from nucleosynthesis
in the early universe, makes it very difficult to have much more than Ω ≃ 0.1 in
nucleonic D.M.19. This bound strongly suggests that, even if non-shining objects
made of nucleonic matter may account for the dark halos of galaxies, nucleonic
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D.M. may not be enough to account for the larger amount of D.M. bound to larger
scales (clusters and super-clusters of galaxies). Thus, if one believes in nucleosyn-
thesis bounds, the bulk of the D.M. should consist of more exotic types of matter,
such as new neutral massive elementary particles. The only possible such particles
contained in the S.M. are neutrinos, but, in the S.M. they are massless. Thus, to
provide for D.M. particle candidates the S.M. must be extended. The good news is
that most extensions of the S.M. easily provide potential D.M. candidates. Let us
see why.
To give the right mass to the light neutrinos seems the easiest way to get a D.M.
candidate. The present relic abundance in number of the three neutrino species of
the S.M. is fixed by their thermal history. Thus, if the sum of the masses of all
three neutrinos is ≃ 10− 30 eV they will account for Ω ≃ 1 17.
Most extensions of the S.M. predict neutral heavy stable particles with masses
in the GeV-TeV range and interactions of the weak order. The amazing fact is
that particles with these characteristics have Ω ≃ 1 and are, thus, “natural” D.M.
candidates. These particles are generally called WIMP’s, Weakly Interacting Mas-
sive Particles (by opposition, astrophysical D.M. candidates are called MACHO’s,
Massive Compact Halo Objects). For WIMP’s the relic abundance turns out to be
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Ωh2 ≃ 1 · 10−37cm2 < σav >−1 , (72)
where h = 0.4−1 is the Hubble constant in units of 100 Km/Mpc sec., and < σav >
is the thermal average of the annihilation cross section by the relative velocity of
the WIMP’s. Eq. (72) holds in most models, even if it can be modified by a non-
zero cosmic asymmetry in WIMP - anti WIMP number, or by generating entropy
(mainly photons) after WIMP’s annihilate.
Using order of magnitude and dimensional arguments on the annihilation cross
section, it is easy to to determine the range of masses for which WIMP’s could have
the abundance adequate to be D.M. candidates. For non-relativistic particles lighter
than the Z andW weak gauge bosons (or other exchanged particles of similar mass),
dimensional arguments yield roughly σa ≃ G2F m2 Na, for the annihilation cross
section. HereGF is the Fermi coupling constant,m is the mass of theWIMP, andNa
is the number of annihilation channels. Thus, σa ≃ 0.4 Na 10−37cm2 (m/1GeV )2
and
Ωh2 ≃ O(1− 10)(m/1 GeV )−2 , (73)
the density decreases with increasing mass. WIMP’s with these interactions must
have masses of the order of 1 to 100 GeV to account for ΩD.M.. WIMP’s much
heavier than the weak gauge bosons (or any other exchanged particles) have “elec-
tromagnetic like” cross sections (since the mass of the exchanged particle can
be neglected). Dimensional arguments yield, in this case, σa ≃ α2Na/m2 ≃
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0.2 Na 10
−37cm2 (m/1 TeV )−2, where α is the electromagnetic coupling constant.
Therefore, the density increases with increasing mass,
Ωh2 ≃ O(1− 10)(m/1 TeV )2 . (74)
D.M. candidates with these interactions must have masses of the order of 1 to
100 TeV .
Results from LEP, combined with other bounds on D.M. have rejected several
of the WIMP D.M. candidates proposed up to now20, but many remain viable.
One of the preferred D.M. candidates is still the LSP, the lightest supersymmetric
particle, in supersymmetric models, as we will see later.
3.7. Additional Windows into Physics Beyond the Standard Model
Several other open problems may require physics beyond the S.M. We have
mentioned one of them already, the strong CP problem5. Others are the solar neu-
trino problem21 and the atmospheric neutrino problem22. Possible solutions may re-
quire a see-saw mechanism23 to obtain very small neutrino masses (mν ≃ 10−3 eV
or mν ≃ 10−1 eV ). We will return to these two problems later. Still another open
question is the origin of the baryon number (B) asymmetry in the universe, i.e., the
fact that we live in a world of matter only (with no antimatter). Producing a B-
asymmetry requires B and CP violation in a situation of non-thermal equilibrium17.
It seems impossible to generate the needed B-asymmetry just within the S.M. Triv-
ial extensions with more than one Higgs field may work. There are many possible
solutions beyond the S.M.
4. Technicolour
This is a generic name for models10 in which the electroweak breaking is as-
sumed to happen as the spontaneous symmetry breaking of the axial flavour sym-
metry in QCD.
In QCD quarks, q, are subjected to a gauge binding force, colour, associated to
a gauge symmetry SUC(3). In Technicolour (T.C.) models, Technifermions, F , are
subjected to a gauge binding force, Technicolour. Different T.C. symmetry groups
have been proposed, for example SUTC(NTC) or SOTC(NTC) with NTC ≥ 2. In
QCD, when the colour interaction becomes strong enough, at a scale ΛQCD ≃ 200
MeV, condensates of a pair of quarks appear, like Cooper-pairs in the BCS theory
of superconductivity,
< q¯q > ≃ O(Λ3QCD) . (75)
Notice that the mass dimension of (q¯q) is 3 (3/2 for each fermion). This explains
Eq. (75), given that the only mass scale in QCD is ΛQCD.
The same is assumed to happen in T.C. models, in which Technifermions con-
densate but at a scale ΛTC >> ΛQCD,
< F¯F > ≃ O(Λ3TC) . (76)
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As we mentioned above, in the absence of any other electroweak symmetry
breaking the three pions would be “eaten up” by the W± and Z, through the Higgs
mechanism. In this case mW±,Z ∼ fπ, for example mW± = g2fπ/2 ≃ 30 MeV ,
obviously much too low. To get the actual value for mW±,Z , we would need fπ to
be ≃ 250GeV instead of its actual value of 93MeV . In Technicolour models the
W± and Z bosons “eat up” Technipions, Tπ, and acquire a mass
mW±,Z ∼ fTπ , (77)
in which fTπ replaces fπ. Therefore, fTπ should be of the order of the Higgs field
V.E.V. v in the S.M., fTπ ≃ v ≃ 250 GeV . Since ΛQCD ≃ 2fπ ≃ 200MeV , a
similar relation is assumed for the T.C. counterparts
ΛTC ≃ 2fTπ ≃ 500 GeV . (78)
Let us describe the simplest T.C. model10. The gauge group is,
SUTC(NTC)× SUC(3)× SUL(2)× UY (1) , (79)
where NTC ≥ 2, the number of Technicolours, is left as a free parameter. The group
SUTC(NTC) yields an asymptotically free gauge interaction that confines at ΛTC .
The minimal Technifermion content is just one generation of Techniquarks Q:
(NTC , 1, 2, 0) :
(
UL
DL
)
1,2,···,N
(NTC , 1, 1, 1/2) : UR 1,2,···,N
(NTC , 1, 1,−1/2) : DR 1,2···,N (80)
Notice that with Q = T3 + Y we get QU = 1/2, QD = −1/2. Thus the sum of all
electric charges is zero, and the model is anomaly free. If mU = mD = 0 there is a
flavour Techni-isospin global symmetry SUL(2)× SUR(2). The condensates
< U¯LUR >=< U¯RUL >=< D¯LDR >=< D¯RDL >≃ O(Λ3TC) (81)
break spontaneously the entire axial global SUA(2) and also break the electroweak
gauge symmetry SU(2) × U(1) into Uem(1). The Nambu- Goldstone bosons Tπ±
and Tπ0 are eaten up by the W± and the Z0 respectively, so that
mW± =
g2
2
fTπ± , mZ0 =
g2 fTπ0
2 cos θweak
. (82)
The global Techni-isospin group SUV (2) is not spontaneously broken. It is a mani-
fest symmetry that implies, for example, fTπ± = fTπ0. Thus the ratio (mW±/m
0
Z)
is the same as in the S.M. Thus ρ = 1 is a consequence of a residual global symmetry
. This is a very elegant way to give masses to the W and Z.
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Problems arise when trying to give masses to the standard fermions. In the
S.M., these fermions receive masses through the Yukawa couplings to the Higgs
field, Eq. (62),
Ly = λf¯LfRφ , (83)
when < φ >= v 6= 0. Here we have < Q¯Q >6= 0. Thus the obvious idea is to replace
φ by Q¯Q in Eq. (83),
Lmass = λf¯LfRQ¯LQR . (84)
This is a non-renormalizable four-fermion interaction, of the type encountered in
weak interactions at scales q << mW . We envisage the same situation here, and
interpret Eq. (84) as the effective interaction resulting at low energies from the
exchange of a heavy gauge boson, with mass METC . These bosons mediate inter-
actions between fermions and Technifermions. Since they are massive, they must
be the gauge bosons of a spontaneously broken gauge interaction, called Extended
Technicolour (E.T.C.) 24. Consequently, from Eq. (84) we get
mf ≃ < Q¯Q >
M2ETC
, (85)
where the factor M2ETC comes from a bosonic propagator at low energies, as can be
seen by rewriting Eq. (84) using a Fierz-transform as
Lmass = (f¯γµQ) 1
M2ETC
(Q¯γµf) . (86)
Thus, we have to assume a larger gauge group GETC somehow broken spontaneously
into the group in Eq.(79). In most E.T.C. models, the E.T.C. generators commute
with the S.M. ones, i. e. the E.T.C. gauge bosons are SUC(3) × SUL(2) × UY (1)
singlets. In this case we need at least one full generation of Technifermions, each
one giving mass to the corresponding fermion with the same flavour. If the E.T.C.
generators do not commute with the S.M. generators, the E.T.C. group and the
S.M. group should be unified into a larger group with a unique coupling constant.
However, since the couplings of the S.M. are very small at 500 GeV , while αETC ≃
O(1), one can unify them only by introducing hugely different mass scales, a new
gauge hierarchy problem as bad as the one we wanted to avoid in the first place.
The E.T.C. interactions connect fermions from the three light generations, with
Technifermions, namely, light fermions and Technifermions are in one multiplet of
the E.T.C. group. Thus E.T.C. interactions also produced flavour changing neutral
currents (FCNC) among the standard fermions, which yield important lower bounds
on the E.T.C. gauge boson masses.
The most restrictive bounds are those on FCNC in ∆s = 2 operators, such as
1
M2ETC
s¯ d s¯d (87)
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which contribute to the KL −KS mass difference, impose25
METC > 500 TeV . (88)
If the GETC is broken in one stage, there is only one mass scale METC . Just
using dimensional arguments we obtain a naive estimate for < Q¯Q >, Eq. (76),
namely
< Q¯Q > ≃ Λ3TC . (89)
Eqs. (85), (88) and (89), imply the upper bound mf < 0.5 MeV , too low for most
fermion masses.
Recent attempts to raise the upper bound on mf are based on obtaining values
larger than Eq. (89) for < Q¯Q >, of the form
< Q¯Q > ≃ Λ3TC
(
METC
ΛTC
)γ
, (90)
with γ > 0. In asymptotically free theories the running coupling constant ap-
proaches zero as the momentum transfer q2 →∞, αs → 0 (αs = 0 is an ultraviolet
fixed point). In “walking” or “stagnant” T.C. models 25, 26, 27, the rate at which the
running coupling constant approaches zero at large q2 is decreased. If the evolution
stops all together, one says that the coupling constant “stands”. When it decreases
with q2 but not as fast as a running coupling, one says that the coupling constant
“walks”. A larger value of the coupling constant αTC as q
2 increases leads to the
formation of larger condensates. In order to alter considerably the running of αs
towards zero one needs to either introduce a large number nf >> 2 of Techniquarks
Q in the fundamental representation of SU(NTC), or take just two flavours nf = 2
of Techniquarks Q but in a very large representation of SU(NTC). In these models
one obtains γ ≤ 1, which yields a bound mf < 0.5 GeV , still too low to account
for the c, b, and t quarks.
To obtain larger values of γ one needs a “strong” E.T.C. interaction27, 28, i.e.,
not only αTC ≃ O(1) is required, but also αETC ≃ O(1), so that E.T.C. interactions
help the T.C. interactions in the formation of the < Q¯Q > condensates. Here a
fine tuning of αETC is required, so that E.T.C. does not replace T.C. altogether
(otherwise one obtains mW±,Z ≃METC !). In “strong” E.T.C. models, one obtains
γ ≤ 2, which yields the acceptable bound mf < 500GeV . Still, there are usually
some additional problems in these models, such as ρ 6= 1, or an incorrect mt/mb
ratio, and the prediction of light scalar bound states.
If the E.T.C. group is broken in several stages at different scalesM1 > M2 > M3
etc.,
(GETC)1
M1−→ (GETC)2 M2−→ (GETC)3 M3−→ · · · (91)
the hierarchy of E.T.C. gauge boson masses can be used to arrange for the hierarchy
of fermion masses. In Eq. (85) the heavier E.T.C. bosons could be used to give
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masses to the lighter fermions, and the lighter E.T.C. bosons to give mass to the
heavier fermions,for example, mt ≃ Λ3TC/M2lightest. In order to avoid FCNC when
the bound in Eq. (88) is violated, one must postulate that E.T.C. interactions couple
the fermions of different generations to different Technifermions (so, for example u
couples only to Q1, c to Q2, t to Q3, etc.). Thus one needs a T.C. model with at
least three Technigenerations.
Precision tests at LEP constrain T.C. models, by its radiative effects in the
propagator of the electroweak gauge bosons29. Models with QCD-like weak-isospin
preserving T.C. dynamics with one whole family of Technifermions have been ruled
out for all T.C. groups, (NTC ≥ 2). Only a smaller number of Technifermions,
may be a single doublet of colour singlet Techniquarks U,D, are still allowed29 in
models of this type. Models with non-QCD- like dynamics, such as “walking” T.C.
and “strong E.T.C.” models, may allowed30. In particular, one- Technifermion-
family models with weak isospin splitting and Techniquark-Technilepton splitting
due to QCD and E.T.C. interactions, may be allowed31. However, it is difficult to
reliably estimate the radiative effects in such models, precisely because one cannot
use analogies with QCD32.
So, there are still hopes for T.C., but no realistic theory is in sight. Anyhow,
T.C. predicts many bound states of Technifermions at scales above ΛTC ≃ 0.5 TeV
that should be seen at SSC/LHC energies and many light ones. For example, a
Technirho Tρ should have a large coupling to a pair of Technipions Tπ, Tπ → Tρ.
The Tπ are “eaten up” by the W and the Z, thus Tρ should appear as a resonance
in WW,WZorZZ scattering. Other pseudo- Nambu- Goldstone bosons may be
very light, m ≃ O(100) GeV or lighter. In fact, unsuccessful searches for these light
bosons at LEP constrain many T.C. models.
5. Top quark condensate
Because the top quark mass is almost as large as the Technifermion masses, the
E.T.C. bosons in “strong E.T.C.” models couple strongly not only to Technifermions
but also to t quarks, and may generate t¯t condensates, in the same way they originate
F¯F condensates. Having this in mind, we could ask ourselves if it would be possible
to eliminate the Technifermions and have the dynamical breaking only through
< t¯t >6= 0. The answer seems to be, yes. Top quark condensate models33,34 assume
that some heavy bosons of mass Λ, exchanged between t-quarks, generate, at low
energies an effective four fermion interaction
λ
Λ2
(Q¯LtR)(t¯RQL) . (92)
At scales µ << Λ, φ = (t¯RQL)/Λ
2 becomes a composite Higgs field with
V.E.V. < φ >=< t¯RQL > /Λ
2 6= 0 and a mass MH not very different from the
t-quark mass. The S.M. is obtained as a low energy effective theory at µ << Λ 34,
Leff = λtQ¯LtRφ+ h.c.+ · · ·+ |Dµφ|2 +m2φ+φ− λ
2
(φ+φ)2 +O(
1
Λ2
) (93)
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but with the compositeness boundary conditions
λt(µ), λ(µ)
∣∣∣∣→∞
µ→ Λ
(94)
that show that new physics comes into play at µ ≃ Λ. For Λ = 1017 GeV 34,
one obtains mt = 220 GeV , mH = 250 GeV . Such a high value of Λ implies fine
tuning and no possibility of experimentally testing the compositeness scale. For low
values of Λ, that could be tested experimentally, one gets much larger t-masses. For
example, mt = 450 GeV and mH = 600 GeV , for Λ = 10 TeV
34. In any case the
values of mt obtained exceed present upper bounds.
These predictions have been criticized35 because other higher dimensional terms
(besides Q¯tt¯Q) may appear in the non-renormalizable Lagrangian, Eq.(92). These
terms may alter the predictions so much that predictivity is lost.
Also the idea of condensates of the quarks (t′, b′) of a 4th. family has been
conside-
red34. Some of the results of these models are (for m′t = m
′
b): m
′
t = 200 GeV
and mH = 240 GeV for Λ = 10
17 GeV, mt = 400 GeV and mH = 400 GeV
for Λ = 10 TeV , and mt = 1 TeV and mH = 2 TeV for Λ = 2 TeV . The main
predictions are: no light Higgs field and a 4th. family of quarks that should be
seen at LHC/SSC. There are again some problems in model building: complicated
models to avoid FCNC and the need for four-fermion operators again.
6. Supersymmetry
Supersymmetry 11 ensures that there are bosons and fermions, supersymmetric
partners of each other, that differ only in the spin. A supersymmetric generator
Q has spin 1/2, since applied to a boson state |b > gives a fermion |f > and vice
versa,
Q|b >= |f > , Q|f >= |b > . (95)
In N = 1 supersymmetry there is only one generator Q, thus a fermion-boson pair
(b, f) form a supersymmetric multiplet. Q, that is a fermion, satisfies the anti-
commutation relations
{Q, Q¯} = 2γµPµ , (96)
where Pµ is the generator of space-time translations, P0 = H, Pi = ~pi. Eq. (96)
tells us that the anti-commutator of two global supersymmetric transformations
constitute a translation in space time, identical at any space-time point because the
transformations are global. If the two supersymmetric transformations are local,
i.e. space-time dependent, its anti-commutator gives a local translation. A local
translation in a fixed reference frame, can also be understood as a local coordinate
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transformation at a fixed point (either an observer is moving in a fixed reference
frame, or the observer is at rest but the frame moves). Thus, invariance under local
supersymmetry implies invariance under general space-time coordinate transforma-
tion (i.e. general relativity). Since, local supersymmetry incorporates gravity, it is
called supergravity16.
In N = 1 supersymmetry there is one “sparticle” for every particle. The min-
imal number of independent degrees of freedom in a fermion (a Weyl fermion) is
two. Thus the minimal supersymmetric multiplet involves a complex scalar field and
Weyl spinor. Examples are: (νL, ν˜L), i.e. left-handed neutrino and left-sneutrino,
(eL, e˜L) and (eR, e˜R), i.e. electron and selectron. “Left” and “right” indices ap-
plied to scalars indicate that their fermionic partners are left or right-handed. The
fermionic partners of bosons are called “...ino”. For example, γ˜, W˜ , Z˜, G˜, H˜, are
called photino, W-ino, Zedino, gluino and Higgsino.
Supersymmetry is not a good symmetry, since we know of no degenerate boson-
fermion pair. As mentioned earlier, Eq. (71), if supersymmetry is to explain the
stability of the weak scale against radiative corrections the mass difference between
supersymmetric partners should be
msparticle − mparticle ≤ O(1 TeV ) . (97)
There is another rule that early model builders discovered: no known particle
can be the sparticle of any other. Thus, the sparticles must all be new particles (see
Table 2.))
Table 2. Spin of the sparticles corresponding in N = 1 supersymmetry to the known
particles.
Particle Sparticle
S = 0 Higgs (H) S = 1/2 Higgsino (H˜)
S = 1/2 fermion S = 0 sfermion
(ℓL,R , qL,R) (ℓ˜L,R , q˜L,R)
S = 1 gauge bosons S = 1/2 bosino
(γ, Z, W, gluon) (γ˜, Z˜, W˜ , g˜)
S = 2 graviton S = 3/2 gravitino
Supersymmetry and gauge invariance insure that for every vertex of particles,
there must be the corresponding ones with sparticles. So, for example, to γ → e+e−
correspond γ˜ → e˜+e−, e+e˜− and γ → e˜+e˜−. The conservation of lepton and baryon
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numbers, L and B, usually require discrete symmetries, the most common of which
is R-parity36. It is defined for each particle or sparticle as
R = (−1)3(B−L)+2S (98)
what means R = +1 for a particle and R = −1 for a sparticle. R-conservation has
two very important consequences:
- sparticles are produced in pairs
- the lightest sparticle (the LSP, lightest supersymmetric particle), is stable;
usually it is a neutral particle that escapes detection in collider experiments.
Thus, while R-parity is conserved the signature for supersymmetry in colliders is,
precisely, supersymmetric particles produced in pairs that end-up producing missing
energy and momentum. One should keep in mind thatR-parity could be slightly vio-
lated, either explicitly37, or spontaneously through a non zero V.E.V. of a sneutrino,
< ν˜τ >6= 038. This violation would have interesting experimental consequences39.
Supersymmetry allows for the coupling of three multiplets such as the Yukawa
coupling QDcH, for example, but not of multiplets and complex conjugates of
multiples, such as QU cHc1 (this is not allowed). Thus, we cannot use just one Higgs
field to give mass to all fermions, as we do in the S.M. (where we use φ for the
up-fermions and its conjugate φ˜ for the down-fermions, Eq.’s (58) and (62)). We
need two Higgs doublets H1 and H2, to give mass to the down-fermions and to the
up-fermions, respectively. Anomaly cancellation also requires two Higgs multiplets.
There are eight real components in two complex doublet Higgs fields. Through the
Higgs mechanism three of them are “eaten up” by the W± and Z0. Five remain as
physical particles: H±, h0, H0, A0. Thus, there are more Higgses than in the S.M.
to look for, two charged ones and three neutral ones.
After many attempts to build phenomenologically viable supersymmetric mod-
els, those with supergravity spontaneously broken at a large energy scale, close to
the Planck mass MP , have been proven to be the best. Supergravity is broken by
fields in a “hidden” sector of the theory, i.e. by fields coupled only gravitationally
to the standard sector. The spontaneous breaking of supergravity produces a non
zero mass for the gravitino, m3/2 6= 0, and/or gauginos, m1/2 6= 0. At low energy
scales (in the limit MP →∞, with m3/2 and m1/2 fixed), what remains is a theory
with supersymmetry explicitly broken by “soft” breaking terms, i.e. terms with
mass dimension 2 and 3. Since the mass dimension of a bosonic field, b, is 1 and
that of a fermion field, f , is 3/2, the terms with dimension 2 and 3 are of the form
b†b, b2, b3, f¯f . (99)
Supersymmetry is broken by all possible gauge invariant terms of these types. From
terms q˜† q˜ and ℓ˜† ℓ˜, we get large masses for the q˜ and ℓ˜, mq˜ > mq, mℓ˜ > mℓ; from
terms of the form γ˜γ˜, etc.,we get large masses for all the gauginos, γ˜, W˜±, Z˜, g˜;
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besides, we get all other possible quadratic and cubic couplings among scalars.
Notice the amazing property of these models: the explicit supersymmetry breaking
terms provide large masses only for the sparticles. While the gauge symmetry is
unbroken, the masses of the standard particles, quark, leptons and gauge bosons,
are zero. These particles get masses, due to the Higgs mechanism, only when the
Higgs fields develop non-zero V.E.V.’s. Thus, these models have to incorporate a
mechanism to get non-zero V.E.V.’s for the Higgs fields, < Hi >= vi 6= 0, and not
for other scalars, such as q˜ and ℓ˜, < q˜ >=< ℓ˜ >= 0.
6.1. The Minimal Supersymmetric Standard Model (M.S.S.M)
The M.S.S.M.40, 41 is the simplest phenomenologically acceptable supersym-
metric version of the S.M. The model has N = 1 supersymmetry spontaneously
broken at large energies ≃ MP by a “hidden” sector, and supersymmetry broken
by “soft” terms, as explained above. The M.S.S.M. has several additional defining
properties40.
1) At the TeV energy scale the symmetry group is that of the standard model,
SU(3)× SU(2)× U(1) (models with additional symmetries, such as an extra U(1)
for example, are non minimal).
2) There are no new matter fields besides the standard quarks and leptons and their
corresponding supersymmetric partners, the sleptons and squarks.
3) The Higgs sector contains just two doublets H1, and H2, the first coupled to
the down fermions and the second coupled to the up ones (therefore, after the
electroweak symmetry breaking, there are three neutral and two charged physical
Higgs bosons in the model; models with more Higgs fields are non-minimal).
4) Simplifying assumptions leave only five parameters in the Lagrangian, at the
scale of Grand Unification, in addition to those of the S.M. The Lagrangian
L = LSUSY + LSUSY breaking (100)
has a supersymmetry breaking part
LSUSY−breaking =
∑
i
m20i |φi|2 +
∑
α
Mαψαψα+
+
∑
λ
Aλλφ
3 +BµH1H2 +
∑
δ
Bδδφ
2 + h.c.
(101)
where i labels all scalars, α = 1, 2, 3, labels the three gauginos, λ labels all cubic
coupling constants, µ is a supersymmetric mass term for the Higgs fields and δ labels
other quadratic coupling constants. The constants m0i ,Mα, Aλ, B, Bδ depend on
the “hidden sector”. In the M.S.S.M. it is assumed that at a large scale MU (that
could be a Grand Unification scale):
m0i
∣∣∣∣
MU
≡ m0 , M1
∣∣∣∣
MU
= M2
∣∣∣∣
MU
=M3
∣∣∣∣
MU
≡ m1/2, Aλ
∣∣∣∣
MU
≡ A, Bδ
∣∣∣∣
MU
≡ B . (102)
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Thus, The M.S.S.M. has five parameters (besides those of the S.M.). They are
m0, a common mass for the scalars, m1/2, a common mass for the gauginos, µ, a
supersymmetric mass term for the Higgs fields, and two adimentional parameters, A
and B. Many times there is a further reduction of the number of parameters. Two of
the most used choices are either B = A−1, an older choice, orm21/2 >> m20, A2 ≃ 0
and B2 ≃ 0, a “string inspired” choice42.
The theory has to be scaled down, from the GUT scale to low energies, ac-
cording to the renormalization group equations. Through radiative corrections, the
Higgs masses become negative. Thus, the Higgs fields develop non-zero vacuum
expectation values, < H1 >= v1 and < H2 >= v2, while the other scalar fields do
not, < q˜ >=< ℓ˜ >= 0. This is a nice feature of the M.S.S.M. This property is due to
the effect of the heavy top quark, that couples to H2, driving its mass negative. A
correct spontaneous breaking of the standard model implies two minimization con-
ditions, that reduce the five parameters mentioned above to just three independent
parameters. They can be chosen to be a gaugino mass, for example M2, the Higgs
mass parameters µ, and the mass of the lightest scalar Higgs field, mh. M1,M2
and M3 are the masses of the three gauginos, the supersymmetric partners of the
UY (1), SUL(2) and SUC(3) gauge bosons respectively. This masses, assumed in the
M.S.S.M to be all identical to m1/2 at the scale MU (Eq. 102) get renormalized to
M3 = (αs/α) sin
2 θW M2 = (3αs/5α) cos
2 θW M1 , (103)
i.e. M3 ≃ 4M2 ≃ 8M1, at the weak scale (αs is the strong coupling constant, α
the electromagnetic coupling constant, and θW is the weak mixing angle).
It is the assumption of equal gaugino masses at a unification scale, that allows
translating the CDF lower bound on the gluino mass M3, into a lower bound of
10− 20 GeV for the lightest neutralino mass, since this mass depends on M1, and
M2. Not making this assumption leads to a non-minimal model
43 where neutralinos
may be lighter than 10 GeV .
The M.S.S.M. incorporates the simplest viable assumptions, however, one or
several of them may be proven wrong. We can keep the M.S.S.M. as long as it
works, and we do not have better motivations to study more complex models. Some
possible departures from the M.S.S.M. have been explored: models with broken
R-parity, i.e. with L or B violations (so the lightest sparticle is not stable and
sparticles are not produced in pairs)37, 38, 39, models with extended Higgs sectors
(for example, with one extra singlet44), models with non universal supersymmetric
breaking terms (in which the assumptions in Eq.(102) are modified43).
6.2. Charginos and Neutralinos in the M.S.S.M.
In the M.S.S.M. there are four “neutralinos”, two neutral gauginos W˜3 and B˜
(the supersymmetric partners of the 3rd. SU(2) gauge boson, W 3µ , and the U(1)
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gauge boson, Bµ, see Eq.(34) and two neutral Higgsinos, H˜
0
1 and H˜
0
2 (the partners
of the neutral components of the two Higgs doublets). In the base (B˜, W˜3, H˜
0
1 , H˜
0
2 ),
their four by four mass matrix is:

M1 0 −MZcβsW MZsβsW
0 M2 MZcβcW −MZsβcW
−MZcβsW MZcβcW 0 −µ
MZsβsW −MZsβcW −µ 0
 , (104)
with the abbreviations cβ , sβ, cW and sW for cosβ, sinβ, cos θW and sin θW , re-
spectively. Here sin2 θW = 0.23 and tanβ ≡ v2/v1. M1 is related to M2 through
Eq.(103). There are four mass eigenstates χ˜0i , (i = 1, 2, 3, 4, in order of increas-
ing mass), that are in general a linear combination of different current eigenstates
(photino, Zino and Higgsino). In many models, the lightest neutralino is the LSP,
the lightest supersymmetric particle, and one of the preferred D.M. candidates. It
is in general
χ˜01 = γ1γ˜ + γ2Z˜ + γ3H˜
0
1 + γ4H˜
0
2 , (105)
where the coefficients γi depend only on M2, µ and v2/v1. When M2 → 0, the χ˜01 is
the photino γ˜ = cos θW B˜+sin θW W˜3, with mass proportional toM2. When µ→ 0,
the χ˜01 is the Higgsino h˜ = sinβH˜
0
1 + cosβH˜
0
2 , with mass proportional to µ. A
general χ˜01 as in Eq.(105) is usually heavier than the pure γ˜ or h˜ (see Fig. 3.).
Fig. 3. Contour map of the mass of the lightest neutralino in GeV and its dominant
component (in regions separated by dotted lines) in the (µ−M2) plane, for tanβ = 2.
45
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In this model the mass of the lightest neutralino can be anything between zero
and a few TeV. The upper bound is a matter of consistency with the motivation to
introduce supersymmetry as a solution to the hierarchy problem, Eq.(97). When χ˜01
is much heavier than the Z-boson, it is a pure B˜ for M2 < µ, and a pure Higgsino
for M2 > µ. This can be easily seen by setting MZ = 0 in the matrix in Eq.(104).
Usually, all parameters of the Lagrangian are taken to be real, neglecting possible
small CP violation effects. Without loss of generality,M2 is chosen non-negative. A
correct electroweak breaking requires v2/v1 > 0. For a heavy top, mt ≥ 120 GeV,
a value as large as 20 for this ratio may be allowed.
The “chargino” masses depend on the same three parameters, M2, µ and v2/v1.
The charginos are the two Dirac fermion mass eigenstates. They are linear combi-
nations of the W˜−, the W˜+, the H˜1 and the H˜+2 . These are the superpartners of
the W± gauge bosons, and of the charged components of the two Higgs fields.
The mass matrix of the charginos in the base (W˜+, H˜+2 , W˜
−, H˜−1 ) is given by
0 0 M2 MW
√
2cβ
0 0 MW
√
2sβ µ
M2 MW
√
2sβ 0 0
MW
√
2cβ µ 0 0
 . (106)
There are two chargino mass eigenstates χ˜±i , i = 1, 2.
6.3. Sparticle Searches
At e+e− colliders, bounds have been obtained from the non-observation of Z
boson decays into sparticle pairs, ℓ˜+ℓ˜−, ν˜ν˜, q˜
≃
q , χ˜+χ˜−, χ˜0i χ˜
0
j . Both, direct searches
and indirect limits from partial decay widths, give roughly a bound m˜ > mZ/2 for
all sparticles, with two exceptions: the lightest neutralino, χ˜01, and a light stop, t˜,
because mixing effects can decouple them from the Z. Usually the squark masses
are given by mq˜L,R = |m0 ±mq |, with m0 a common scalar mass (see Eq. (102)).
Because mt is large, mt˜ = m0 − mt can be small. The lower bound on mt˜ is 20
GeV46, 41. The lightest neutralino mass is larger than 20 GeV as soon as v2/v1 > 3,
47 and bounds on charginos and neutralinos can be seen in Fig. 4. (taken from Ref.
48). It is interesting to point out that the M.S.S.M. is as good as the S.M. with
respect to bounds coming from precision measurements at LEP49.
The bounds from pp¯ colliders are better for strongly interacting sparticles.
These particles are produced in pairs g˜g˜, q˜q˜, q˜g˜. Their production rate is rel-
atively model independent. The signatures depend on the relative masses. If
mg˜ < mq˜, then squarks decay first, q˜ → qg˜, and one searches for gluino decays,
g˜ → q¯qχ˜0i , q¯q′χ˜+j . If mq˜ < mg˜ instead, gluinos decay first, g˜ → q˜q¯, and one searches
for squark decays q˜ → qχ˜0i , q′χ˜+j . In both cases it is important to include “cascade”
decays50, in which heavier neutralinos and charginos can be produced and decay
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into lighter ones. The inclusion of “cascade” decays has recently led to a revision of
the CDF bounds on mq˜ and mg˜ ,
51. The signatures are missing energy and equal
sign dileptons or diquarks. Equal sign difermions are due to the Majorana nature
of g˜ and χ˜0i , that are their own antiparticles. Thus, the same decay products are
possible on both sides of the produced pairs.
Fig. 4. Contour map of the mass of the lightest neutralino (dotted lines) and
chargino (dashed lines) in GeV , showing present limits (shaded area) and future
sensitivity of the complete LEP and Tevatron programs (solid lines), in the (µ−M3)
plane (where M3 = mg˜), for tanβ = 2.
48
The lightest neutralino as the LSP, either light or heavy as compared with
the weak gauge bosons, is one of the theoretically better motivated and testable
D.M. candidates. Unless a very odd origin of the neutralino relic density is invoked,
such as a late decay of gravitinos, for example, the relic density of neutralinos is
determined by the same parameters (M2, µ, v2/v1, mh, etc)
45, 52, 53, that determine
the experimental bounds. In Fig 5. (taken from Ref. 53) we see in gray the regions
of the (µ,M2) parameter space for which the M.S.S.M. lightest neutralino with
mχ˜0
i
< mW could account for the D.M., having a relic density 0.25 < Ωh
2 < 0.5 53.
The regions rejected by LEP and CDF are also shown. As explained above, the CDF
bound on gluinos can be translated into a bound on χ˜0i , because of the assumption
of equal gaugino masses at a high energy scale MU .
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Fig. 5. Contour of relic LSP neutralino density in the (µ−M2) plane, for tanβ = 2
and the indicated choices of other parameters. The calculation includes radiative
corrections to the Higgs masses (see below). For neutralinos with mχ˜0
i
< mW this
figure shows regions with 0.25 < Ωh2 < 0.5 (shaded), where the neutralino is a
good D.M. candidate, regions excluded because Ωh2 > 1 (coss-hatched) and regions
excluded by LEP and CDF. The Ωh2 = 0.1 and Ωh2 = 0.025 contours are shown
as a thick dashed and solid lines respectively 53.
For neutralinos much heavier than the gauge bosons, only the regions with
M2 ≃ µ for which χ˜0i is a mixed gaugino - Higgsino state yield densities suitable for
a D.M. candidate54. ForM2 > µ, where the lightest neutralino χ˜
0
i is a pure Higgsino,
the density is too low , Ωh2 < 0.001, because of the fast Higgsino annihilation
H˜H˜ → W+W−, in the early universe. For M2 < µ, where χ˜0i= B˜, a bino, the relic
density is too large Ωh2 > 1, because the dominant annihilation mode, B˜B˜ → HH,
has a very small cross section. Thus, bounds on the present total energy density of
the universe exclude this region.
b 6.4. Higgses and Top in the M.S.S.M.
As we mentioned above there are five physical Higgses (besides those “eaten
up” by gauge bosons), two charged ones, H±, and three neutral ones, h and H0
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that are CP-even fields, and A, that is CP-odd. At tree level, all the Higgs masses
depend on only two parameters, usually chosen to be mA and tanβ = v2/v1, and
one can prove the following relationships
m2H± = m
2
W +m
2
A (107)
m2h +m
2
H0 = m
2
A +m
2
Z (108)
mW , mA < mH± , mh < mA < mH0 . (109)
Combining Eqs. (109) and (108), we obtain mH0 > mZ and mh < mZ . That is, the
tree level relations predicts that the lightest neutral Higgs field, h, is lighter than
the Z. After radiative corrections, mainly due to t and t˜ loops55, the upper bound
on the lightest Higgs increases to
mh < 150 GeV . (110)
Thus the prediction of a “light” Higgs in the M.S.S.M. persists 56, 41 (see Fig.6,
taken from Ref. 56).
Fig. 6. Contours of the maximum value of mh, the lightest Higgs mass, for mA >>
mZ and tanβ >> 1, in the (mt, msq) plane
56.
The supersymmetric prediction of a light Higgs persists even in non-minimal
models. For example, in the minimally non-minimal supersymmetric standard
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model, M.N.M.S. S.M.44 in which a singlet Higgs field is added to the M.S.S.M.
one obtains after including radiative corrections57
mh < 140 GeV . (111)
With respect to the t quark, typical values of the unification scale, MU ≃
1016 GeV and of the sparticle masses m˜ ≃ G−1/2F give an upper bound 41
mt ≤ 200 GeV sinβ . (112)
7. Grand Unified Theories
GUT’s attempt a “true unification” of strong and electroweak interactions into
a single simple non-Abelian gauge group G, with a unique coupling constant g. The
GU symmetry should break down spontaneously into the S.M. symmetry in one
or several stages. We will talk here about “vertical” Grand Unifications that do
not attempt to provide an explanation for the existence of more than one family.
Families still appear as replicas - as they do in the S.M. “Vertical” unification means
“intra-family” unification. The name stems from our habit of writing families in
columns.
Within the S.M. there is no explanation for the values of the electrical charges
of quarks and leptons, since they depend on the arbitrary choice of hypercharges
Y . In a GUT, we expect the choice of the values of Y to depend on other quantum
number assignments in G. Thus we expect to explain why a proton and an electron
have equal (and opposite) charges to at least one 1 part in 1021, i.e. Qu = −(2/3)Qe
and Qd = (1/3)Qe.
We also expect some other free parameters in the S.M. to become related to
each other, thus reducing the number of parameters.
In GUT’s, quarks and leptons are members of the same multiplet of G, thus
GU interactions can change one into the other, violating B and L. A process such
as qq → ℓ¯q¯, for example, mediated by a heavy gauge boson X of mass MX , would
induce proton decay, p+ → e+π0, with a rate
Γ ≃ g
4
M4X
m5p, (113)
where mp ≃ 1 GeV is the proton mass, and the factor m5p is just a reasonable
guess to obtain the proper dimension for Γ. From this rough estimate and the
experimental bound on p-decay, τp ≥ 1033y, 58 we obtain
MX ≥ 1014 − 1015 GeV . (114)
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It is remarkable that when the three running coupling constants of the S.M.
are normalized with a common convention, their logarithmic behavior draws them
together at approximately the same scale of Eq. (114). In fact, the running coupling
constants of the S.M. at one loop, when measured at specific values of momentum
transfer Q are given by
α−1i (Q
2) = α−1i (Λ
2
i ) + βi ℓn
(Q2
Λ2i
)
, (115)
where αi = g
2
i /4π , i = 1, 2, 3 refer to the UY (1), SUL(2) and SUc(3) couplings
respectively, β3 = (33 − 4NG)/12π, β2 = [(21/2) − 4NG]/12π, and β1 = (−0.3 −
4NG)/12π and NG is the number of generations. Taking a common scale Λi = MX
where we assume α1 = α2 = α3, and subtracting Eq. (115) for two of the constants,
we obtain MX/Q ≃ O[exp(α−1i − α−1j )]. That provides again the estimate in Eq.
(114) for the “unification scale” MX .
Since, as we mentioned above, the rank of the S.M. gauge group is 4, the rank
of the G.U. group G must be larger than or equal to 4. The simplest rank-4 group
that allows for a chiral embedding of the S.M. (where right and left handed fields
are treated differently), i.e. that possesses complex representations, is SU(5).
7.1. The SU(5) model 12, 4
The fundamental representation has dimension 5, and the n2 − 1 = 24 gener-
ators T a can be written as 5× 5 matrices. These matrices contain the eight 3× 3
matrices (λa/2), generators of SUC(3), the three 2× 2 matrices (τ i/2), generators
of SUL(2) and a diagonal generator corresponding to UY (1), in the following way:λa/2 0
0 0
 , Ii ≡
 0 0
0 τ i/2
 , I0 ≡
DA 0
0 DB
 , (116)
where a = 1, · · ·8 and i = 1, 2, 3, DA is a 3×3 diagonal matrix with elements A, DB
is a 2×2 diagonal matrix with elements B, and A = −2/√60, B = −(3/2)A (notice
that the condition in Eq. (28), with r = 1/2, is satisfied) . Besides these generators,
there are two sets of six matrices that have non-zero elements in the 2×3 and 3×2
horizontal and vertical blocks not occupied in the matrices in Eq. (116), - which
makes 8 + 3 + 1 + 6 + 6 = 24. Notice that there are only four diagonal matrices
(since the rank is 4), that correspond to λ3, λ8, τ3 and I0. A gauge field multiplies
each of the 24 generators in the covariant derivative (Eq’s (23) and (34)): gluons
Gaµ multiply λ
a/2, weak gauge bosons W iµ multiply τ
i/2, Bµ to I0, and twelve new
gauge bosons, the “lepto-quarks” Xµ, X¯µ and Yµ, Y¯µ multiply the 12 generators
in the non-diagonal blocks. The matrix (
∑
b T
bAbµ), b= 1,2,· · ·,24, in the SU(5)
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covariant derivative (Eq. (23)), that consequently appears in the couplings of the
SU(5) gauge bosons Aaµ with fermions, is of the form
Gµ +ABµ Gµ Gµ X¯µ Y¯µ
Gµ Gµ +ABµ Gµ X¯µ Y¯µ
Gµ Gµ Gµ + ABµ X¯µ Y¯µ
Xµ Xµ Xµ (W
3
µ/2) +BBµ (W
+
µ /
√
2)
Yµ Yµ Yµ (W
−
µ /
√
2) (−W 3µ/2) +BBµ
 .
(117)
We use only left-handed spinors, fL and (f
c)L, as independent fields (as ex-
plained following Eq. (20)). The 15 Weyl spinors of each generation are accommo-
dated in the representation 5¯ + 10, without requiring any extra field,
5¯ :

dcr
dcy
dcb
e
νe

L
= f5¯ 10 :

0 ucb −ucy −ur −dr
−ucb 0 ucr −uy −dy
ucy −ucr 0 −ub −db
ur uy ub 0 −ec
dr dy db e
c 0

L
= f10 (118)
where r, y, b stand for the three colours, red yellow and blue.
From Eqs. (117) and (118) we see that the lepto-quark gauge bosons are those
that couple leptons and quarks. These are the bosons whose mass, MX , must fulfill
the bound in Eq. (114). This mass arises due to the spontaneous breaking of SU(5)
into the S.M. group at the large scale MX . This breaking is achieved with a Higgs
boson Φ in the representation 24. This is the same representation of the gauge
fields, so we choose to write Φ as a 5 × 5 matrix. The minimum of the potential
determines a non-zero V.E.V., < Φ >, which we are free to choose as a diagonal
matrix (through SU(5) notations),
< Φ >= vΦ

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 −3/2 0
0 0 0 0 −3/2
 . (119)
This V.E.V. is left invariant by SUC(3) × SUL(2) × U(1) transformation, i.e. it
commutes with their generators given in Eq. (116). But this V.E.V. is not invari-
ant under any other transformations, i.e., it does not commute with the other 12
generators, which are, therefore, spontaneously broken. Thus, we obtain masses for
the X and Y leptoquarks.
M2X = M
2
Y =
25
8
g2v2Φ . (120)
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Thus, Eq. (114) implies vΦ ≥ 1014 GeV . We have also to introduce another Higgs
field, H, in the representation 5, and arrange its coupling to Φ so that when Φ has
its V.E.V. at < Φ >, Eq. (119), H has its V.E.V. at
< H >=
vH√
2

0
0
0
0
1
 . (121)
The lower two components of H act as the standard doublet Higgs field. Thus < H >
induces the electroweak symmetry breaking, MZ,W ∼ vH and vH ≃ 102 GeV . A
fine tuning of coupling constants is necessary to obtain vH << vΦ. This is the
gauge hierarchy problem which we explained above.
7.2. Predictions of the SU(5) model
The electromagnetic charge, Q, is a generator of SU(5). As such TrQ = 0,
i.e. the sum of the charges Q over any representation must be zero. For example,
applying this requirement to the 5¯ in Eq. (118), one obtains
3Qdc +Qe = 0 . (122)
Thus Qe = −1 implies Qdc = 1/3, hence Qd = −1/3, and since Qu = Qd+1 = 2/3,
we obtain charge quantization, i. e., Qp = 2Qu +Qd = 1.
Let us call I3 the 5× 5 matrix in Eq. (116) that contains τ3/2 = T3, the third
generator of SUL(2). Then Q = T3 + Y translates in SU(5) into
Q = I3 + cI0 , (123)
where c is a constant. Thus Y = cI0. The difference between Y , the standard
UY (1) generator, and I0, the corresponding SU(5) generator, is due to the different
normalization of both generators: I0 must have the same normalization as I3,
Tr(I23 ) = Tr (I
2
0 ) = r , (124)
according to Eq. (28), while the normalization of Y and T3 are independent. We
can compute, the constant c using the generators in any representation, for example
the 5¯ in Eq. (118). The generator Y applied to it, is
Y5¯ =

1/3 0 0 0 0
0 1/3 0 0 0
0 0 1/3 0 0
0 0 0 −1/2 0
0 0 0 0 −1/2
 . (125)
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Plugging Y5¯ (Eq. (125)) and I0 (Eq. (116)), in the relation Y = cI0, we obtain
1/3 = cA = c(−2/√60), thus
c = −
√
3
5
. (126)
In each covariant derivative, the corresponding coupling constant multiplies each
gauge boson and generator. The terms containing the bosons W 3µ and Bµ in the
covariant derivatives of SU(5) and SU(2) × U(1) (Eq. 34) must coincide at the
unification scale MX :
g(MX) I3W
3
µ + g(MX) I0Bµ = g2(MX) I3W
3
µ + g1(MX) Y Bµ . (127)
Notice that the SU(5) expression has a unique coupling g(MX). From Eq. (127) we
get g(MX) = g2(MX) and, using Y = cI0,we get g(MX)c = g1(MX). Consequently,
using the value of c in Eq. (126), we obtain
g21(MX)
g22(MX)
=
3
5
. (128)
Since sin2 θW ≡ g21/(g22 + g21), at the unification scale MX we have
sin2 θW
∣∣∣∣
MX
=
c2
1 + c2
=
3
8
. (129)
We can convince ourselves that this prediction is common to all GUT’s for which
the fermions only include the standard fermions of one generation (plus possibly
singlets of the S.M. group). This is because the equality Tr(I20 ) = Tr(I
2
3 ) holds in
any GUT (Tr indicates the sum over all fermions in one family). Thus, summing the
hypercharges and the third isospin components of all the fermions in one standard
family, i.e.
∑
f Y
2
f and
∑
f I
2
3 , we can compute the ratio
Tr(Y 2)
Tr(I20 )
=
Tr(Y 2)
Tr(I23 )
=
∑
f Y
2
f∑
f I
2
3
=
5
3
. (130)
Since at the scale MX we have g
2
1Tr(Y
2) = g22Tr(I
2
0 ) (Eq. (127)), we obtain again
Eq. (128) and thus the prediction in Eq. (129).
In order to compare the prediction in Eq. (129) with the measured value of
sin2 θW one has to renormalize the coupling constants fromMX toMZ . One obtains
59,
sin2 θW
∣∣∣∣
MZ
≃ 0.207− 0.213 , MX ≃ (2− 7) 1014 GeV , (131)
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both too low to be acceptable. The present value of sin2 θW is ≃ 0.23, and the
actual calculation of the proton life time gives 4
τp→e+π0 ≃ 1031±0.7y
(
Mx
4.6× 1014 GeV
)4
, (132)
which combined with the experimental bound, τp→e+π0 > 1033y, 58 yields MX >
1.5 1015 GeV .
The fermion masses come from the Yukawa couplings of f5¯ and f10 (Eq. (118))
with the Higgs field H. For each generation, these couplings are,
LY = λ1f¯5¯αf10αβHβ + λ2ǫαβγδǫf10αβf10δγHǫ (133)
where α, β, γ, δ, ǫ = 1, 2, 3, 4, 5. Replacing H by < H > (Eq. (121)), one gets
Lmass ≃ λ1vH(d¯d+ e¯e) + λ2vH(u¯u) (134)
for each generation. Thus, at the scale MX , one predicts
md = me , ms = mµ , mb = mτ . (135)
The renormalization of the Yukawa couplings change these ratios. The prediction
60, 4
mb
mτ
= 2.8 − 2.9 , (136)
is considered a success, but the ratios ms/mµ and md/me fail.
Because of the bounds on p−decay, sin2 θW and fermionic mass ratios, the
minimal SU(5) model presented here is considered to be ruled out. So we need to
go to more complicated models with larger symmetries and/or more fields. One of
the ways of enlarging the symmetry is to include supersymmetry.
7.3. Supersymmetric GUT’s
Precision measurements at LEP have shown that the standard model cou-
pling constants, when extrapolated to higher energies without introducing any new
physics, do not meet at one point59, 61. This is additional evidence of the failure of
simple GUT’s as the minimal SU(5) model. The same calculation in the M.S.S.M.
(instead of the S.M.) shows that the three couplings do meet at one point, at a uni-
fication scale MX ≃ O(1016GeV ), large enough to suppress proton decay mediated
by the exchange of lepto-quark gauge bosons59, 61. Notice that the extrapolation
of coupling constants from MZ to MX is independent of the GU model, since all
fields with mass ∼ MX drop out of the renormalization group equation. This ex-
trapolation depends only on the low energy spectrum, and the simplest viable low
energy supersymmetric model is the M.S.S.M.
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Also the prediction for sin2 θW is better. Recall that starting from 3/8 at the
unification scale, the renormalized value of sin2 θW at theMZ scale is too low, when
the low energy spectrum is that of the S.M. With the M.S.S.M. spectrum instead,
the prediction is compatible with the experimental data59, 61. These arguments
by no means “prove” supersymmetry, since similar results can be obtained in non-
supersymmetric GUT’s, as we will see below. However, they support the idea of
supersymmetry.
There are some potentially serious problems in supersymmetric GUT’s. The
renormalization of the mb/mτ ratio in minimal models, starting from 1 at the
GUT scale, leads to the very good prediction 60 mb = 4.9 ± 0.1 GeV , but again,
other fermion mass ratios fail. Another potentially serious problem is proton decay
mediated by “dimension 5 operators”62. While the high value of MX yields a safe
value for the p-lifetime due to the exchange of lepto-quarks, the exchange of squarks
and gauginos/Higgsinos in a box diagram is dangerous. The B-violating operator,
Ld=5 = q˜ q˜ q ℓ
MX
, (137)
couple two bosons, two squarks, with two fermions, a quark and a lepton, through
the exchange of a fermion, a heavy coloured Higgsino of mass MX . The mass
dimension of these operators is d = 5 (1 for each boson and 3/2 for each fermion).
The box diagram that mediates p-decay through qq → q¯ℓ¯, consists of qq → q˜q˜
(through the exchange of a light gaugino) and q˜q˜ → q¯ℓ¯ (through the coupling in
Eq. (137)
)
. The exchange of lepto-quark gauge bosons induces p-decay with a
lifetime τp ∼ M−4X , while the exchange of a coloured Higgsino (a fermion) yields a
much shorter lifetime τp ∼M−2X << M−4X . Thus, one predicts
τp→ν¯K+ ≃ 1029±4y , (138)
quite low compared with the experimental lower bound of 1033y. Therefore, this
decay mode provides strong constraints on many supersymmetric models, and ex-
cludes some of them63.
There are already models in which the B-violating d = 5 operators, Eq. (113),
are absent. This is the case of the “flipped SU(5) × U(1)” model64. This is not
truly a G.U.T., since the gauge group SU(5) × U(1) is not a simple group. The
matter fields in this model are:
(5¯,−3/2) :

uc
uc
uc
ν
e−

L
; (10, 1/2) :

0 dc −dc d u
−dc 0 dc d u
dcy −dc 0 d u
−d −d −d 0 νc
−u −u −u −νc 0

L
;
(1, 5/2) : ec; (1, 0) : N .
(139)
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Here the colour indices have been neglected, the first number in the parenthesis
indicates the representation of SU(5) and the second the U(1) charge. Notice that
the assignments of u and d and those of ν and e, have been “flipped” with respects to
the assignments in SU(5) GUT, Eq. (118). One needs an extra lepton, N , and four
Higgs multiples, Φ, Φ¯, H and H¯, in the representations (10, 1/2), (1¯0,−1/2), (5,−1)
and (5¯, 1) respectively, to break spontaneously the symmetry. In this model, the
d = 5 operators in Eq. (137) depend on the existence of a mixing between the
coloured components of H and H¯ (that we call Hc and H¯c). Actually, they depend
on the mixing of their supersymmetric partners, the Higgsinos H˜c and
≃
Hc. In this
model, there is a mechanism that insures that the coloured Higgs fields in H and
H¯ are heavy, while the non coloured ones remain light (and constitute the standard
doublet Higgs field). It happens that this mechanism also suppresses the H˜c−
≃
Hc
Higgsino mixing, and thereby avoids the danger of p-decay through d = 5 operators.
As we mentioned above, the confluence of the three coupling constants at
one point is not proof of supersymmetry, since it can be also achieved in non-
supersymmetric GUT’s with intermediate breaking scales. Let us mention SO(10)
models with two breaking scales: MU , the usual unification scale, and MI , an-
other intermediate scale 59, 65. At MU the SO(10) group breaks into a left-right
symmetric group, either
SUL(2)× SUR(2)× SU(4) , (140)
or
SUL(2)× SUR(2)× UB−L(1)× SUC(3) , (141)
that break into the S.M. at the scale MI . The correct value of sin
2 θW and a safe
p-lifetime can be obtained with MU ≃ 1016GeV, MI ≃ 1012 GeV for the first case,
Eq. (140), or MU ≃ 1016 GeV, MI ≃ 1010 GeV for the second case, Eq. (141).
SU(10) models 66, 4 fit the 15 Weyl spinors of a whole standard fermion family,
into a representation of dimension 16. Thus, an additional particle, a right-handed
neutrino, must be added. These models, therefore, have naturally a “see-saw”23
mechanism to produce neutrino masses. This mechanism is based on the fact that
a mass matrix of the form
(νL νcL)
(
0 mD
mD M
)(
νcR
νR
)
, (142)
with M >> mD, has one light eigenvector, mainly νL, with mass m
2
D/M , and a
heavy eigenvector, mainly νR, with mass M . M is a νR Majorana mass, M ν
c
LνR,
and mD is a Dirac mass, mD νLνR = mD νcLν
c
R. With three generations, each
fermion in Eq. (142) becomes a vector of three components, mD and M become
3× 3 matrices, and the 6× 6 mass matrix has six eigenvectors, (usually) three light
and three heavy,
m2D1
M1
,
m2D2
M2
,
m2D3
M3
, M1,M2,M3 . (143)
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There are many different versions of this mechanism. For example, the Dirac masses
mDi could be similar to the up-quark masses, or to the charged lepton masses (or
even something different). The neutrino mass hierarchy depends on this choice
since mt/mc ≃ 100 while mτ/mµ ≃ 17. In a “quadratic see-saw”, the three heavy
masses Mi are similar, i. e. Mi ≃ M for i = 1, 2, 3. Consequently, the hierarchy
of light neutrino masses is that of m2Di, i.e. mν1 : mν2 : mν3 ≃ m2u : m2c : m2t
(or m2e : m
2
µ : m
2
τ ). In a “linear see-saw”, the hierarchy of the heavy masses Mi
coincides with that of mDi, i.e. M1 : M2 : M3 ≃ mu : mc : mt. As a consequence,
also the ratio of light neutrino masses is linear in mD.
SO(10) models with intermediate scales MI , naturally have the heavy Ma-
jorana masses at MI , Mi ≃ MI ≃ 1010−12 GeV . As a result they easily ac-
commodate the MSW 67 solution to the solar neutrino problem, that requires
|m2νi − m2νe |2 ≃ 10−6 eV 21, by yielding mνe << mνµ ≃ 10−3eV . In this case,
the value of mντ , that could also have important implications, depends on the
type of see-saw. In quadratic see-saw models one may obtain mντ ≃ 10 eV , so
that ντ could be a good D.M. candidate. In linear see-saw models one may obtain
mντ ≃ 10−1eV , a good value for solving the “atmospheric neutrino problem” 22,
(a deficit of νµ with respect to νe in cosmic rays) through νµ − ντ oscillations .
8. Brief Comment on Composite Models 68
The basic idea is that a few fundamental particles may form bound states only
in allowed configurations, i.e., the combinations of colour, charge, etc. of the S.M.
particles. In particular, excitations of the fermionic bound states would explain
the existence of more than one family. There is an obvious problem in considering
quarks and leptons as bound states, namely their masses are much smaller than
their inverse radii. This is contrary to all bound states we know. For example,
(g−2) measurements give an upper bound of 10−19cm to the size of electrons, thus:
me ≃ 0.5MeV << 1019cm−1 ≃ 103TeV ≃ ΛH . (144)
Here ΛH is the scale of the confining force “hypercolour”, that binds the compo-
nents, the “preons”. Eq. (144) shows that the origin of the radii (the confinement
scale ΛH) and the origin of masses m must be different. When bound states form,
at the energy scale ΛH , some of them must remain massless due to a symmetry
(usually chiral symmetry)69 that is spontaneously broken at a lower scale m, at
which masses appear, m << ΛH . If a chiral symmetry is present among bound
states, it must be also present among preons that, therefore, must be massless.
Consequently, we have massless fermions forming massless composites. ’t Hooft 69
has formulated an important constraint on composite models often called ’t Hooft’s
“anomaly matching condition”. It states that for chiral symmetry to be unbroken
in the formation of composites (so producing massless bound states), it is necessary
that the anomalies of axial currents must be the same when computed using both
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sets of massless fermions, i.e., preons and bound states. This is not an easy con-
dition to fulfill, since preons and bound states usually are different in number and
belong to different representations. Realistic models 70 are very complicated and
lack predictivity.
Composite gauge bosons should reproduce with extreme accuracy the rela-
tions between different couplings found in gauge theories. This is very difficult.
The cancellations of different diagrams that insures unitarity in processes such as
e+e− → W+W−, give good bounds on possible departures from a gauge struc-
ture. Moreover, if W and Z are composites one expects to find also excited states,
W ′,W ′′, · · · and Z ′, Z ′′, · · ·. We would need a mechanism to insure that only the
lightest bound states have masses MW,Z << ΛH , otherwise the values of sin
2 θW
and the ρ-parameters should depart from the S.M. As the experimental agreement
with the S.M. improves, there is progressively less room for composite W and Z
bosons 68.
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